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Scattering parametersAbstract Hardware-in-the-loop (HWIL) simulation technology can verify and evaluate the radar
by simulating the radio frequency environment in an anechoic chamber. The HWIL simulation
technology of wide-band radar targets can accurately generate wide-band radar target echo which
stands for the radar target scattering characteristics and pulse modulation of radar transmitting sig-
nal. This paper analyzes the wide-band radar target scattering properties first. Since the responses of
target are composed of many separate scattering centers, the target scattering characteristic is
restructured by scattering centers model. Based on the scattering centers model of wide-band radar
target, the wide-band radar target echo modeling and the simulation method are discussed. The
wide-band radar target echo is reconstructed in real-time by convoluting the transmitting signal
to the target scattering parameters. Using the digital radio frequency memory (DRFM) system,
the HWIL simulation of wide-band radar target echo with high accuracy can be actualized. A typical
wide-band radar target simulation is taken to demonstrate the preferable simulation effect of the
reconstruction method of wide-band radar target echo. Finally, the radar target time-domain echo
and high-resolution range profile (HRRP) are given. The results show that the HWIL simulation
gives a high-resolution range distribution of wide-band radar target scattering centers.
 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
To test and evaluate the performance of radar systems, a sim-
ulation system is indispensable. Fully digital simulation is hard
to simulate the real electromagnetic environment of the target.
While in fully physical simulations, the electromagnetic
environment is hard to control. Besides, the long simulation
period, high cost and poor confidentiality cause the restriction
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(HWIL) simulation technology establishes the electromag-
netic environment in an anechoic chamber to simulate the
electromagnetic scattering characteristics of radar target
and background environment. HWIL simulation can provide
performance testing, verification, evaluation, development
and diagnosis for radar and electronic countermeasures’
equipment.
The military superpowers in the world all use HWIL tech-
nology in the development of new radar and weapon systems.
The U.S. Navy has sophisticated HWIL simulation facilities
and first takes the distributed simulations.1 Engineers at the
U.S. army aviation and missile research, development and
engineering center (AMRDEC) advanced simulation center
(ASC) have developed signal processing techniques for accu-
rate simulation of fine range motion effects to support HWIL
testing of pulsed LFM radar systems.2 Also the U.S. army
AMRDEC has developed various fast methods for computing
millimeter wave scene raw signals to support both HWIL scene
projection and all-digital receiver model input signal synthe-
sis.3 In China, the study to HWIL technology for radar system
began in the 1980’s. After decades of development, great
achievements have been made in this field. National University
of Defense Technology developed a HWIL simulator of the
distributed spaceborne SAR system.4 University of Electronic
Science and Technology of China developed a simulator for
X-band radar, of which the center frequency was 8–12 GHz
and the bandwidth was 600 MHz.5 The arrayed RF simulation
system has been studied for target simulation and some small
HWIL simulation systems have been established.6
The HWIL simulation of radar target is actually the realiza-
tion of the high fidelity simulation of scattering characteristics
of radar target in real-time, which needs the use of electromag-
netic scattering theory and calculation method7–9, the extrac-
tion and simulation technology of radar target scattering
characteristics10–13, as well as the reconstruction technology
of target echo in real-time.14–16 The electromagnetic scattering
is decomposed into several scattering centers in arrayed HWIL
simulation systems.11 At present, the parameter models for
scattering centers description are: non-dumped exponential
model, dumped exponential model and geometrical theory of
diffraction (GTD)-based model.11 In recent years, the 1D
GTD model is used to extract the position, amplitude and
the geometry type of the scattering centers of the target. Da-
Ming Chiang put forward the solution of estimation of mixed
parameters in the GTD model-based parameter estimation,
deduced the relationship of the parameters between the 1D
Prony model and the GTD model and came up to the conclu-
sion that the 1D Prony model is an approximation of the 1D
GTD model.9 The 3D GTD model of the scattering centers
was proposed by Poter.11
The key of the HWIL simulation of the radar system is to
accurately reflect the electromagnetic characteristics of the target
and the in pulse modulation characteristics of the transmitting
radar signals.14 The digital radio frequency memory (DRFM)
is used in the HWIL simulation of the coherent radar.15,16 The
transmitting radar signal is convolved to the coefficients of the
scattering centers in digital to generate the echo sequence in base
band. After the digital orthogonal modulation and the up con-
version stage, the echo is converted to the RF band target echo
of coherent radar. The generated echo can accurately reproduce
the electromagnetic characteristics of the target.The HWIL simulation technology of wide-band coherent
radar target is studied in this paper. The proposed method
can ensure that the echo can accurately reflect the electromag-
netic characteristics, the shape and the position of the target,
and the in-pulse modulation characteristics of the transmitting
signal of the radar. This work has an important role in the
development of wide-band radar system.
2. HWIL simulation method for wide-band radar targets
To represent the electromagnetic characteristics of the target
and the in-pulse modulation characteristics of the transmitting
signal, some research work should be carried out first, such as
the method of the target echo generating, the way of the wide-
band digital orthogonal modulation, the design and simulation
of the parallel algorithm, the realization of the HWIL simula-
tion system, the performance evaluation, etc.
2.1. Modeling and predicting of electromagnetic characteristics
of complex targets
Greco was proposed by Rius9 to compute high-frequency
radar cross section (RCS) of complex radar targets in real-
time with a 3-D graphics workstation. It turns the problem
of predicting the RCS of electrically large complex target into
the problem of the addition of the scattering of each pixel,
which greatly reduces the complexity of the problem. Based
on Stratton-Chu equations, the integral expression of the
high-frequency physical optics field can be expressed as
EPO ¼ j2kzsHiww
Z
S
z ½z ðnHiwÞ  exp½j2krði zÞds
ð1Þ
where k is the number of the wave, zs the coordinate of the
scattering center on z axis, Hiw the magnetic field intensity of
the incident wave, w ¼ expðjkRÞ=R the far field Green’s func-
tion, R the distance of the scattering center, S the irradiation
surface, z the unit vector of the scattering direction, n the unit
normal vector of the surface unit,Hiw the vector of the incident
magnetic field, r the radius vector of the radar and i the unit
vector of the incident direction. The square root of the RCS
can be redefined asﬃﬃﬃﬃﬃﬃﬃ
rPO
p ¼ lim
R!1
2
ﬃﬃﬃ
p
p
REPO  er expðjkRÞ=Eiw ð2Þ
where er is the unit vector of the polarization direction of the radar
receiver and Eiw the electric field density of the incident wave. The
square root of each surface unit RCS can be expressed asﬃﬃﬃﬃﬃﬃﬃ
rPO
p ¼  jkﬃﬃﬃ
p
p
Z
S
n  ðer  hiwÞ  exp½krði zÞds ð3Þ
where hiw is the unit vector of the incident magnetic field.
For complex target, curved surface is broken up into
several plane surfaces. The RCS of the curved surface is
predicted by the vector superposition of the RCS of the plane
surfaces according to the high-frequency characteristics of the
electromagnetic wave.
In Greco, the radar direction is along with the z axis,
which is perpendicular to the screen. For mono static radar,
the scattering direction is along with the +z axis. The RCS
of the surface unit can be expressed as
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Z
S
cos/  expð2jkuÞds
 2 ð4Þ
where k is the incident wave length, / the angle between the
normal vector of the surface and the incident wave and u
the projection of the distance between the surface unit and
the observation point on the incident direction. The integral
operation is only taken in the irradiated region of the surface.
The target image processed in Greco is actually the projection
of the 3D surface on the screen, so the pixel, the surface unit
ds0 on the screen, is the projection of the real surface unit ds
of the target, which is shown in Fig. 1.
Let ds0 ¼ cos/ds and Eq. (4) can be redefined as
rPO ¼ 4p
k2
X
pixels
e2jku  Ds


2
ð5Þ
where Ds is the discrete surface unit on the screen.
Eq. (5) demonstrates that the RCS of the target can be pre-
dicted by accumulating the phase contribution of each pixel on
the image and the phase contribution comes from the distance
between the pixel and the observation point. Only when the
aperture of the pixels is small enough can Eq. (5) be right.
Thus, the projection of ds on the screen must be far smaller
than a wavelength. The current computer display’s resolution
is high enough and the pixels are plenty enough for this
requirement. When / approaches 90, a small ds0 may stand
for a much larger ds. In this case, the single pixel is regarded
as a rectangle hole with homogeneous radiation, whose far
field can be an approximation of a sinc function of /. In this
way, the discrete integral can be expressed as
rPO ¼ 4p
k2
X
pixels
sin cðkl tan/Þ  ej2kzDs


2
ð6Þ
where l is the size of the surface unit on the screen.
However, physical optics method ignores the contribution
of target edges. So it is necessary to use the physical theory
of diffraction (PTD) to modify the result. For mono static
radar and horizontal polarization, the edge diffraction field
can be expressed as
LPTD ¼
X
pixels
1
t2x þ t2y
½ft2x þ gt2y  Dl ð7Þ
where f and g are the diffraction coefficients of PTD, t= [tx, ty]
the direction vector of the edge and Dl the actual length ofFig. 1 Surface unit and its projection on screen.the edge projected on the screen. The total scattering field of
target can be expressed as
r ¼ 1
p
jjkSPO þ LPTDj2 ð8Þ
where
SPO ¼  j
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
prPO
p
k
ð9Þ2.2. Scattering center extraction and scattering center model
In arrayed HWIL simulation system, the scattering of complex
target needs to be decomposed to several scattering centers.
The scattering centers can be extracted from the predicted
RCS of the target. The 3D echo of the target based on scattering
centers can be expressed as
Eteðf; h;uÞ ¼
XI1
i¼0
jf
fo
 ai
ATiðf; h;uÞ exp  j4pfri
c
 
þ we ð10Þ
where Eteðf; h;uÞ is the frequency domain expression of the
target echo; f is the frequency of the signal; h and u are the
elevation and the azimuth of the scattering center; I is the num-
ber of the scattering centers; fo is the central frequency of the
transmitting signal of the radar; ai is the type of the scattering
center; ATiðf; h;uÞ is the scattering density of each scattering
center; ri ¼ xi cos h cosuþ yi cos h sinuþ zi sin h; xi, yi and zi
represent the position of the scattering center and we is the
calculation error.
The parameter set, fATi; xi; yi; zi; aigIi¼1, can describe the
characteristics of the target accurately. The scattering center
extraction and parameter prediction can be realized using 3D
GTD model. The 18 scattering centers of F16 fighter are
shown in Fig. 2.
2.3. HWIL simulation method for wide-band radar targets
The digital radio frequency memory (DRFM) technology was
used in the simulation system to generate the base band signal
of the target echo. In the DRFM kernel, the digitalized radar
transmitting signal was convolved with the scattering charac-
teristics of the target in real-time. After digital orthogonal
modulation, delay control, Doppler frequency modulation
and amplitude modulation, the middle frequency of the echo
was generated. The radio frequency echo was achieved afterFig. 2 Scattering centers’ distribution of F16 fighter.
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of the wide-band radar target echo were based on the calcula-
tion of the scattering characteristics of the target, the extrac-
tion of the scattering centers and the parameters prediction.
2.3.1. Radar signal in range cell
When illuminating a surface target, the pulse width of the echo
will expand compared with the transmitting pulse, as shown in
Fig. 3. The pulse width of the transmitting signal is defined as
Tp. For narrow-band radars, the range resolution is deter-
mined by Tp. While for wide-band radars, the range resolution
is c/2B, where B is the band width of the transmitting signal,
and c the velocity of light. The target echo is affected by all
the scattering centers in each range cell under the illumination
of the radar beam.
Let sT(t) represent the radar transmitting signal and the car-
rier signal in the range cell can be defined as
sCiðtÞ ¼ sTðt i=2BÞ ð11Þ
Considering the expansion of the echo caused by the simu-
lation algorithm, DTA, the pulse width in a single range cell is
TC ¼ TP þ DTA. Considering the expansion caused by the
target scale, DTS, the pulse width of the target echo is
T ¼ TP þ DTA þ DTS, where DTS ¼ ðN 1Þ=2B, N is the
number of the range cells that the target is in.
2.3.2. Calculation of wide-band target echo
The wide-band target echo sequence is the convolution of the
transmitting signal and the scattering characteristics sequence
of the target. Before the convolution, the scattering character-
istics sequence of each scattering center needs to be interpo-
lated so as to have the same sample rate as the sampled
transmitting sequence. The convolution can be expressed as
sRðt; h;uÞ ¼
XN1
i¼0
sTðt i=2BÞ  hsiðt; h;uÞ ð12Þ
where  is the operator for convolution and hsiðt; h;uÞ the
impulse response of each scattering center. According to
Eq. (10) and the radar equation, hsiðt; h;uÞ can be defined as
hsiðt; h;uÞ ¼ FT1½Aiðf; h;uÞ  ð j f=f0Þai  ATiðf; h;uÞ
 expðj4pfri=cÞ ð13ÞFig. 3 Target range cells distribution and echo pulse width
expansion.where FT1½ is the operator for inverse Fourier transform
and Aiðf; h;uÞ is the antenna gain and space attenuation of
each range cell. Aiðf; h;uÞ is defined by the radar equation
and can be expressed as
Aiðf; h;uÞ ¼
"
PTG
2
i ðf; h;uÞ
ð4pÞ3R4ðtiÞðf=cÞ2LR
#1
2
ð14Þ
where PT is the transmitting power of the radar, Giðf; h;uÞ the
antenna gain at the direction of each scattering center, R(ti)
the range of each scattering center and LR the total loss of
the radar.
If the scattering number of the target is I and the transmit-
ting signal of the radar is linear frequency modulation (LFM)
signal, which can be expressed as sTðtÞ ¼ rectðt=TPÞ
exp½j2pfotþ jplt2, then, according to Eq. (12), the wide-
band target echo can be expressed as
sRðt; h;uÞ ¼
XI1
i¼0
hsiðt; h;uÞ  rect t 2RðtiÞ=c
TP
 
 exp j2pfo t
2RðtiÞ
c
  
exp jpl t 2RðtiÞ
c
 2" #)
ð15Þ
where l ¼ B=TP is the frequency modulation rate.
2.3.3. Digital orthogonal modulation
The orthogonal modulation can modulate the processed
complex sequence to a real sequence, which is the key of radar
target echo reconstruction. Digital orthogonal modulation can
efficiently restrain the spurious caused by the amplitude and
phase imbalance of the i-channel and q-channel and the local
oscillator leakage. The flowchart of the digital orthogonal
modulation is shown in Fig. 4.
The band pass signal x(t) can be considered as the carrier
signal xc ¼ 2pfc being modulated by a complex base band
signal iðtÞ þ jqðtÞ. This can be expressed as
yðtÞ ¼ iðtÞ cosðxctÞ  qðtÞ sinðxctÞ ð16Þ
The base band signals i(t) and q(t) are real signals. The
digital quadrature modulation is accessed by multiplying the
carrier sequence by i(n) and q(n). In digital quadrature modu-
lation, the carrier sequence is an accurate sampled sequence,
whose error is much smaller. The sequence y(m) is then con-
verted to the analog signal by a digital-to-analog converter
(DAC).Fig. 4 Flowchart of digital orthogonal modulation.
Fig. 6 Waveform of base band target echo.
Fig. 7 Spectrum of base band target echo.
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The procedure of the HWIL simulation is as follows: receive
the pulse modulated signal from the tested radar system; con-
vert the signal to the middle-frequency suitable for DRFM
kernel by multiple down conversion stages; sample and digitize
the signal to digital sequence by the wide-band analog to dig-
ital converter (ADC) (ADC10D1500, 10 bits, 3 giga samples
per second (GSPS)) in the DRFM kernel; store the sequence
into the ram and then read out according to the range of the
target; convolve the sequence with the scattering characteris-
tics of the target; orthogonally modulate the sequence and con-
vert to the analog signal by the wide-band DAC (AD9739, 14
bits, 2.5 GSPS); modulate the signal with a Doppler frequency;
convert the signal to RF band by up conversion module. The
diagram of the simulation system is shown in Fig. 5. In order
to guarantee the real-time convolution, Virtex-7 series FPGA
of Xilinx is used to complete the operation. For moving target,
the Doppler frequency is generated in a programmable direct
digital synthesizer (DDS), which can be used in a situation that
Doppler frequency changes along the time.
3. Simulation and experimental results
In this section, some numerical simulations and experiments
were taken to demonstrate the feasibility of the HWIL simula-
tion method. As a typical complex target, F16 fighter was
chosen in these simulations.
3.1. Numerical simulation of target echo based on scattering
center model
For complex targets such as F16 fighter, there are dozens of
significantly contributed scattering centers and numerous
smaller scattering centers. With the change of the elevation
and the azimuth, the phases of the scattering centers may be
the same or reversed, which cause a dramatic ups and downs
of the target echo.
The transmitting signal is an LFM signal. The center
frequency is 10.25 GHz and the band width 500 MHz. TheFig. 5 Diagram of radar target HWIL simulation system based
on DRFM.duration of the pulse is 4 ls. The azimuth of the target is 0
and the elevation 30. The base band target echo generated
using the proposed method is shown in Fig. 6. The simulated
echo reflects the scattering characteristics of the target, such
as the distribution of the scattering centers and the pulse
modulation characteristics of radar transmitting signal.
Fig. 7 shows the base band spectrum of the target echo. As
can be seen from Fig. 7, the spectrum characteristics of the
target echo are closely related to the spectrum of the radar
transmitting signal. But, affected by the scattering centers’
intensity, the change of the frequency and the spatial distribu-
tion of the scattering centers, the amplitude shows complex
modulation characteristics in the pass band.
The time domain echo was compressed and the HRRP of
the target is shown in Fig. 8. From the HRRP, it is obvious
that the strong scattering centers of the fighter are mainly dis-
tributed at the nose, the front of the cabin, the wings and the
tail of the plane. The distribution of the scattering centers can
describe the shape of the plane, which conforms well to the
scattering centers’ distribution shown in Fig. 2.
3.2. HWIL simulation of target echo
In wide-band radar target echo simulation system, the target
echo was generated by real-time process. According to the
scattering centers parameters and the radar system parameters
transmitted from the simulation computer, the wide-band
target echo at certain elevation and azimuth was calculated
Fig. 8 HRRP of F16 fighter after pulse compression.
Fig. 9 Waveform of base band radar transmitting signal and
target echo.
Fig. 10 Spectrum of base band target echo.
Fig. 11 Spectrum of X-band target echo.
Fig. 12 Relationship between SFDR and input frequency at
different sample rates.
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essentially a real-time convolution operation. In order to
satisfy the real-time and low delay requirements, time domain
convolution was used in the simulation.
Fig. 9 is the waveform of radar transmitting signal and
target echo. The radar transmitting signal is an LFM signal.
The band width is 500 MHz, the pulse duration 4 ls, the
elevation of the F16 fighter 30 and the azimuth 0. It is clear
that the target echo pulse duration, T, is a little bit longer than
the radar transmitting signal, TP.
Fig. 10 is the spectrum of the target echo (50–550 MHz)
generated by the DRFM. Fig. 11 is the spectrum of the echo
up converted to the X band (10–10.5 GHz). The results show
the good performance of the HWIL simulation method.4. Performance analysis of HWIL simulation system
4.1. Wide-band DRFM system receiving performance analysis
The signal receiving and data acquisition performance of the
DRFM system is one of the major factors influencing the
performance of the HWIL simulation method mentioned
above. Considering the difficulty of circuit implementation,
the DRFM system used a structure of low middle-frequency,
wide-band receiving and processing17,18, which causes unfavor-
able effects on the signal receiving and data acquisition
performance. Data acquisition performance can be measured
by the peak spurious signal, usually expressed as spurious free
dynamic range (SFDR). Fig. 12 shows the tested SFDR with
different input signal frequencies. For 50–550 MHz input
signal, the SFDR is better than 57 dBc, which is consistent
with the theoretical analysis. But the SFDR deteriorates as the
increase of the input signal frequency. The aperture distortion
errors, the quantization errors and the aliasing errors related
to the sample rate can be complemented by amplitude and phase
correction and oversampling19–21 The higher the sample rate is,
the better the performance improves. But the performance of
the hardware circuit limits the further improvement of the over-
sampling rate. A 10-bit quantized and 3 GSPS maximum sample
rate ADC used in the DRFM can ensure an SFDR performance
of better than 50 dBc in the pass band.
Fig. 13 shows the relationship between SFDR and the input
signal power. It is clear that when the input signal power was
Fig. 13 Relationship between SFDR and input signal power
(sample rate 1800 MSPS and input frequency 100.3 MHz).
Fig. 14 Model of time synchronization errors.
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50 dBc. As the input signal power decreases, the SFDR of
the system deteriorates as well. In practical application, the
amplitude of the radar transmitting signal can fluctuate widely,
so an automatic gain controller (AGC) is needed to control the
programmable amplifier so as to ensure the input signal power
in the right range.
Figs. 10 and 11 show that the SFDR of the echo generated
from the DRFM is about 50 dBc, which is 7 dBc worse than
the SFDR of the acquisition signal. This degradation is caused
by comprehensive effect of software and hardware perfor-
mance of the DRFM system.
4.2. Influence of parameter estimation
The parameters of the 3D scattering center model were pre-
dicted using GTD method. The cramer rao bound (CRB) of
the parameters, position of the scattering center ri, type of
the scattering center ai and density of the scattering center Ai
can be expressed as22
varfbrigP c2
16p2Df 2
 6P
2
n
jAij2  I3
varfbaigP 	 foDf
2  6PnjAij2  I3
varfcAigP P2n
2I
8>>>><>>>>>:
ð17Þ
where Df is the frequency step during the calculation, Pn is the
noise power of the sequence for target scattering center extrac-
tion and I the number of the scattering centers. It is apparent
that the model parameter estimation accuracy increases with
the increase of I. When I equals the number of the range cells
of the radar, the model parameter can reach the best accuracy.
The parameter prediction accuracy based on GTD model will
directly affect the accuracy and reliability of the wide-band
radar target echo simulation.
4.3. Influence of time and frequency deviation
The radar system and the HWIL simulation system have inde-
pendent clock sources. So there will be error if these two clock
sources are not the same. The accumulation of the deviation
between the clocks will degrade the coherence of the echopulses. Also, the range and Doppler simulation accuracy will
be deteriorated. The wide-band radar transmitting signal is
usually a pulse compression signal. Especially when the trans-
mitting signal is a chirp stepped frequency signal, to maintain a
high coherence between the simulated echo pulses is particu-
larly important.
4.3.1. Influence of time deviation
Time deviation will cause range error. The time synchroniza-
tion accuracy depends on the ranging accuracy of the radar.
So the time synchronization accuracy can be expressed as
TA ¼ 1=2B. If the band width of the radar signal is
500 MHz, then the time synchronization accuracy should be
better than 1 ns. A time and frequency synchronization system
can be used to periodically calibrate the clock source of the
HWIL simulation system.23
Time synchronization error generally includes two parts:
one is the deviation between the radar pulse transmission time
and the sampling trigger time of the simulation system; the
other part is the deviation between the pulse repetition
interval, including deterministic error and non-deterministic
error. Deterministic error refers to the deviation of the
actual pulse repetition interval from the nominal values.
Non-deterministic error is caused by the random jitter of the
frequency source. The deterministic error will be accumulated
with the increase of time. Fig. 14 shows the errors respectively.
The time error can be expressed as
te ¼ tte þ tle þ tre ð18Þ
where tte is the trigger error between the radar and simulation
system, tle is the linear accumulated error and tre the random
error. The first term mainly causes the range simulation error,
which will result in the distortion of the echo if the error is too
large. The effect of the second term is always there. The third
term does not have the accumulation, so it has influence only
when the frequency stability is too poor or the simulation time
is too long.
Because of the time error, the echo expressed by Eq. (15)
can be redefined as
s0Rðt; h;uÞ ¼ sRðt te; h;uÞ ð19Þ
The range error caused by the time error is DR ¼ te  c=2.
Different pulses have different range errors, which will cause
range migration to the simulated echo. If the radar range cell
is 1 m, then a time error of ±2  108 s will cause significant
range migration. If the time error is within ±2  1010 s, then
there will not be significant impact.
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Frequency deviation will cause poor target echo coherence and
also adversely affect the performance of the range and Doppler
frequency simulation for motive target. Frequency deviation
will produce additional phase deviation. The first order of
the phase deviation causes range error. The second order
changes the frequency modulation rate, which will expand
the main lobe of the pulse compressed echo and also raise
the side lobe. High orders also raise the side lobe of the pulse
compressed echo. Second order phase error is mainly consid-
ered here. Let the frequency deviation feðtÞ ¼ Dl  t. The target
echo phase error caused by the frequency deviation can be
defined as
D/e ¼
Z TC
0
2pfrfedt ¼
Z TC
0
2pfrDltdt ¼ pDlðTCÞ2 ð20Þ
where TC is the radar coherence processing time and fr is the
radar frequency. The frequency stability is DlTC=fr ¼ fe=fr.
Let fr = 10 GHz and TC = 10 ms. When the frequency
stability is between 1012–1018, the additional phase is
between 0–3p. To minimize the frequency deviation, a high
stable frequency source should be used.
4.4. Influence of digital signal processing algorithm
4.4.1. Influence of target reconstruction algorithm
The wide-band target echo reconstruction is mainly a time-
domain convolution process, which is a compromise between
accuracy and real-time performance. To guarantee the
real-time performance, the echo of each scattering center was
calculated one by one. By delaying and accumulating the echo
of the different scattering centers, the target echo was obtained.
The time-domain scattering characteristics of single scatter-
ing center show a sinc function, whose duration time is very
short and there are only few nonzero values in the sequence.
Fig. 15 shows how the target echo is synthesized. The scatter-
ing center echo sequence was convolved by an M-order digital
finite impulse response (FIR) filter and the length of the
sequence became Tp þ ðM 1ÞTS. The sequence length of
accumulated target echo of I scattering centers turns out to be
Tp þ ðM 1ÞTSþ 2Len=c, where Len is the target length in
the direction of range. For a fighter target, let Len = 20 m,
M ¼ 32, TS = 1/fs = 1/1.2 GHz = 0.833 ns, then the extension
of the echo pulse is 201 ns. This is the main reason why the target
echo in Fig. 9 is a bit longer than the transmitting signal.Fig. 15 Generation of radar target echo pulse.The complex convolution was implemented by a 4-phase fil-
ter. The number of DSPs consumed in the FPGA is 512. The
process rate of each phase is 300 MHz, and the total process
rate can be 1.2 GHz, which can satisfy the real-time require-
ment. If the number of scattering centers is 20, at least four
XILINX XC7VX415T FPGAs will be used to process the
data. The convolution costs too many hardware recourses,
especially when the radar transmitting signal is wide-band.
So in practice use, some simplifications and approximations
are taken in the implementation. Besides, the DSPs in the
FPGA are 36-bit, which leads to truncation errors. These are
the main reasons for the deterioration of the SNR caused by
calculation errors. The SNR deterioration caused by calcula-
tion errors is usually more than 6 dB.
4.4.2. Influence of digital orthogonal modulation
The reconstructed complex sequences (I-channel and Q-
channel) were orthogonally modulated by interpolation and
FIR filter. The sample rate changes from 1.2 GSPS to 2.4
GSPS. In the 500 MHz pass band, the output SFDR of the
orthogonal modulator is closely related to the amplitude and
phase consistency of the I-channel and Q-channel and the
DC offset. The power ratio of the mirror component with
respect to the ideal signal can be defined as
IR ¼ 10 log½ðDa2e þ u2eÞ=4  43jDaej ð21Þ
where ue is the phase difference between I-channel and
Q-channel in radian, Dae ¼ ðjaIj  jaQjÞ=jaIj is the relative error
between I-channel and Q-channel, aI and aQ are the amplitudes
of the I-channel and Q-channel, respectively. If the quantization
bits of the sequences are 14 and the effective bits are 12, the max
value of Dae can be 8=12
14 ¼ 4:9 104. If ue ¼ 0:2,
IR = 55 dB, which can meet the requirements of mirror com-
ponent inhibition. The higher the modulator data rate is, the far-
ther the spurious components are away from the pass band. This
means it is much easier to inhibit the spurious components. But
this also puts forward higher requirements for the data process-
ing ability of FPGA and bandwidth of ADC and DAC.
5. Conclusion
The realization method of wideband radar target echo HWIL
simulation based on scattering center model is studied in this
paper. The reconstruction method, algorithm and realization
technology for wide-band target echo based on radar scatter-
ing center model are given. Numerical simulation and experi-
ments based on typical target prove the good performance of
the method and technology. The method mentioned in this
paper reduces the computational complexity and effectively
saves the hardware cost, thus enhance the realization of the
system. Meanwhile, the analysis in this paper provides an
important theoretical and technical foundation for the promo-
tion of the development and application of the radar system
HWIL simulation.
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